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Abstract:  
Multi-functionality is a highly desirable feature in designing new electrode material for both 
energy storage and conversion devices. Here, we report a well-integrated and stable β-NiMoO4 
that was fabricated on three dimensional (3D) nickel foam (NF) by a simple hydrothermal 
approach. The obtained β-NiMoO4 with interesting honeycomb like interconnected nanosheet 
microstructure leads to excellent electrochemical activity. As an electrode for Supercapatteries, 
β-NiMoO4–NF showed a high specific capacity of 178.2 mAhg
-1 (916.4 F g-1) at 5 mAcm-2 
current density. Most importantly, the fabricated symmetric device exhibits a maximum 
specific energy of 35.8 Whkg-1 with the power output of 981.56 Wkg-1 and excellent cyclic 
stability. In methanol electro-oxidation, the β-NiMoO4 –NF catalyst deliver the high current 
density of 41.8 mAcm-2 and much lower onset potential of 0.29 V with admirable long term 
stability. Apart from the above electrochemical activity, the β-NiMoO4 –NF honeycomb 
microstructure demonstrates a promising non-noble electrocatalyst for oxygen evolution 
reaction (OER) and hydrogen evolution reaction (HER) and showed a considerable 
overpotential of 351 mV (OER) and 238 mV (HER). The attractive multifunctional 
electrochemical activity of β-NiMoO4–NF could be originates from their unique honeycomb 
micro/nano structure which can acts as an “ion reservoir” and thus leads to superior energy 
storage and conversion processes. 
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1. Introduction 
Our modern society is currently facing an energy crisis and environmental problems due to 
the rapid depletion of fossil fuels and global warming [1]. In order to overcome these 
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complications there is an urgent demand for sustainable energy storage and conversion devices 
[2]. In this regard, systems of electrochemical energy storage and conversion such as Li-ion 
batteries [3, 4], electrochemical capacitors [5, 6], Supercapatteries [7, 8] and fuel cells [9, 10] 
have been particularly developed. Recently, Supercapatteries [11-13] and direct methanol fuel 
cell (DMFC) [14-16] have been regarded as a promising clean energy storage and conversion 
device. Besides their various applications in the fields of portable electronic products [17], 
hybrid electric vehicles [18, 19], and smart electrical grids [20], they have many attractive 
features of low pollutant emission, higher energy efficiency and ease of operation [21]. The 
capability of the energy storage and the conversion efficiency is mainly governed by the 
electrode materials, which directly participate in to electrochemical reaction or indirectly 
catalyse electro-oxidation of fuels [22]. Therefore, designing an appropriate electrode is 
essential to achieve high storage capacity and great rate of conversion with low onset potential. 
So far, RuO2 and traditional carbon materials are adopted for industry-scale production of 
supercapacitor, while expensive platinum alloy is used in fuel cells [23-25]. However, 
commercial challenge associated with these electrode/catalyst materials limits their large scale 
applications. Thus many efforts have been devoted fabricate low cost transition metal oxides 
(i.e. NiO, Co3O4 MnO2, NiCo2O4 etc.,) to replace the traditional and expensive 
electrode/catalyst materials [26, 27]. Unfortunately, the inadequate electron transfer kinetics 
and catalytic activity of these metal oxides hinders their usefulness in these applications. 
Hence, new alternative transition metal oxides are needed, which possess superior ion/electron 
transport for charge storage and negligible CO poisoning effect towards methanol oxidation. 
Thereby, the current research interest is focusing towards the exploration of dual-functional, 
active and advanced electrode materials that can store enough energy and energy conversion 
with highest current density.       
In recent years ternary metal oxides having two different metal cations received huge 
interest due to their superior performance for energy related applications. In particular the 
bimetallic oxides with the ABO4 structure in which A and B represents different metal cations 
(A = Ni, Co, Mn, Zn and B = Mo, W) are investigated for energy storage and conversion 
devices [28, 29]. Among them, NiMoO4 is a low cost and abundant material with high electrical 
conductivity when compared to their mono-metallic oxides [30]. This higher conductivity is of 
benefit to the rapid electron/ion transport in an electrode. NiMoO4 also contains highly 
oxidized redox couples Ni2+/Ni3+, which are known as active centre for electro-
oxidation/reduction reactions. Thereby, it has been investigated as the electrode for methanol 
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oxidation, supercapacitor and lithium ion batteries [31-33]. Peng et al. fabricated NiMoO4 on 
various conducting substrates and proposed as advanced electrodes for asymmetric 
supercapacitor [34]. Recently, controlled morphology of NiMoO4 nanostructures and 
NiMoO4/carbon nanocomposites were investigated for supercapacitor application [35, 36]. 
Meanwhile, several different types of metal oxide nanostructures including nanosheets, 
nanospheres, nano-needles and nanowires have been fabricated on three dimensional (3D) 
nickel foam (NF) and investigated for direct methanol oxidation in alkaline medium. [37, 38]. 
Recently, the electrocatalytic activity of NiMoO4 through phosphorization process [39] and 
CeO2 modified NiMoO4 nanosheet arrays towards urea oxidation were examined [40]. It is 
interesting to point out that NiMoO4 is stable in both α-NiMoO4 and β-NiMoO4 phases with 
same monoclinic crystal structure and greatly influence the structure-property relation [41-45]. 
It has been proven that β-NiMoO4 has three times higher intrinsic catalytic activity than the α-
NiMoO4 [43, 44]. So, the formation of stable β-NiMoO4 is desirable for electrochemical 
applications. Moreover, it has been well-established that the electrochemical performances of 
devices are directly affected by the intrinsic properties and micro/nano structure of the 
electrode [45]. To date, mostly α-NiMoO4 phase with distinct microstructure has been 
investigated for different applications. To the best of our knowledge, there is no reports 
available on β-NiMoO4 grown directly on 3D nickel foam for electro-oxidation of methanol 
and need to explore further to utilize this material for device fabrication.  
Here, we propose a simple hydrothermal approach to fabricate β-NiMoO4 nanosheet arrays 
with honeycomb structure on a porous NF and investigated its usability as electrode for 
supercapattery and methanol oxidation. This binder free β-NiMoO4-NF was directly used as 
electrodes for the supercapattery and as catalyst for methanol oxidation in alkaline 
environment. When used as electrodes for supercapattery, the symmetric device delivered a 
high specific energy and power with long cyclability. The porous network structure provides 
rapid electron/ion and methanol transport during the electrochemical process. Electro-
oxidation tests demonstrated desired methanol conversion performance including high peak 
current (41.78 mAcm-2), superior long-term cyclic stability and resistivity against carbon 
deposition. Furthermore, the evaluation of this catalyst for oxygen and hydrogen evolution 
reactions demonstrated that β-NiMoO4-NF can be a versatile bifunctional electrode with 






2.1 Fabrication of β-NiMoO4 on NF 
Analytical grade reagents were used to fabricate NiMoO4 over NF substrate. The growth 
of NiMoO4 on 3D-NF is a two-step process. Initially, the NF (~99.9%, Shanghai Tankii Alloy 
Material Co. Ltd, China) was cleaned with concentrated HCl (~ 36%, Sigma Aldrich, UK) and 
ethanol by sonication for 30 min each. The pre-treated NF was dried with N2 gas and kept in 
vacuum desiccator. Then, equal molar ratio (1:1) of Ni(NO3)2.6H2O (~99.9%, Sigma Aldrich, 
UK) and Na2MoO4·2H2O (~99.9%, Sigma Aldrich, UK) were dissolved in deionized (DI) 
water. Following this, appropriate amount of carbamide (~99.9%, Sigma Aldrich, UK) was 
added to the above mixed solution under constant stirring. Finally, 0.1 g of Polyvinyl 
Pyrrolidone (PVP Mw~40000, ~99.9%, Alfa Aesar, UK) was added to the solution before pour 
into autoclave. The homogenously mixed solution was transferred to teflonated stainless steel 
autoclave, which contains pre-treated NF (3 × 3 cm) and was kept at 180 ºC for 12 h. After the 
hydrothermal treatment, NiMoO4 coated NF was taken off from the container and washed 
several times with DI water, ethanol and acetone consecutively to remove any impurities. In 
order to increase the crystalline nature, the as deposited NF was calcined in air at 450 ºC with 
the heating rate of 5 ºC/min for 2 h and then directly used as electrodes and anode for 
supercapatteries and methanol electro-oxidation in alkaline environment.  
2.2 Characterization 
The crystal structure and phase of the β-NiMoO4-NF were characterized by Powder X-ray 
diffraction (XRD) technique (Philips PW3710-MPD diffractometer) with the CuKα radiation 
(λ=1.5403Å). The internal chemical structure of the catalyst was studied from Raman spectra, 
recorded using the Renishaw (RA 100) in via confocal Raman Microscope at 514.5 nm 
excitation. The surface morphology and atomic composition of the sample were examined by 
a field emission scanning electron microscope (FEI QUANTA 650 HRSEM) and energy 
dispersive X-ray spectrometer (EDX Oxford Instruments INCA energy system), respectively. 
A transmission electron microscope (JEOL HRTEM-2100 at 200 kV) was used to understand 
the microstructure. In order to investigate the energy storage and conversion capability of the 
prepared sample, Cyclic Voltammetry (CV), Linear Sweep Voltammetry (LSV), 
Chronopotentiometry (CP), Chronoamperometry (CA) and Electrochemical Impedance 
Spectroscopy (EIS) techniques were used using a electrochemical workstation (CHI 660D, 
USA). A three-electrode (NiMoO4-NF as working (1 × 1 cm
-2), platinum wire as counter and 
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saturated calomel as reference electrodes (SCE)) system was employed for the electrochemical 
studies where, 3 M KOH was used as the electrolyte. Typical mass loading of the working 
electrode is ~2 mg cm-2. The symmetric supercapattery cell was fabricated with two 
NiMoO4/NF electrodes at equal mass ratio (1:1 mg), which were separated by a Celgard 
separator (Battery grade, Sigma Aldrich, UK).  EIS was recorded in the frequency range from 
100 Hz to 100 KHz at open circuit potential. For methanol oxidation reaction (MOR), Oxygen 
evolution reaction (OER) and Hydrogen evolution reaction (HER), NiMoO4-NF (1 × 1 cm
-2) 
was directly applied as a working catalyst and evaluated in 1 M KOH solution with and without 
addition of 1 M CH3OH. 
3. Results and discussion 
3.1 XRD and Raman Analysis 
Phase and crystal structure of the as prepared NiMoO4/NF are characterized using powder 
XRD techniques and shown in Fig. S1 (Supplementary Information (SI)). There is no visible 
diffraction pattern observed for NiMoO4 except the NF peak as indexed. This result indicates 
the formation of less crystalline (nearly amorphous) NiMoO4 over NF surface. To confirm 
further, the Powder XRD pattern was taken for the sample collected during hydrothermal 
process after 450 ºC heat treatment and displayed in Fig. 1(a). It can be indexed to the β-
NiMoO4 with monoclinic crystal structure and C2/m space group. The observed diffraction 
peaks are in good agreement with the standard JCPDS card no. 45-0142 [46]. Intense 
diffraction peak at 27.9º indicates the characteristic (2 2 0) orientation of β-NiMoO4. No 
secondary phases such as NiO or MoO3 were found in the XRD pattern, which infers the 
formation of phase pure compound. Figure 1(b) shows the Raman spectrum of NiMoO4 grown 
over NF. The high intensity peak at 936 cm-1 demonstrates that formation of β-NiMoO4, 
whereas the major peak should be observed at 961 cm-1 for α-NiMoO4 [46-48]. The observed 
low intensity peaks at 880, 816, and 366 cm-1also supports the growth of β-NiMoO4 [48]. 
Typical Raman peak at 936 and 880 cm-1 correspond to the symmetric and asymmetric 
stretching modes of the Mo-O bonds [47]. Whereas the other peaks at 816 and 366 cm-1 might 
be associated to the Ni-O-Mo asymmetric stretching and Mo-O bending modes, respectively 
[46]. The Ni-O vibration mode at 539 cm-1 reveals the surface oxidation of NF substrate. The 





Fig. 1 (a) XRD pattern of β -NiMoO4 (powder) and (b) Raman spectrum of β -NiMoO4-NF. 
3.2 Morphological Studies 
Figure 2(a-c) shows the FESEM images of the β-NiMoO4 on NF. The low magnification 
image (Fig. 2a) clearly evidences the formation of interconnected nanosheets and honeycomb-
like morphology with open voids. In close view, high magnification SEM images (Fig 2(b & 
c)) shows the well-interconnected nanosheets with uniform voids of ~1.1 μm. Typical thickness 
of the nanosheets is found to be 18 nm. To better understand the honeycomb like architecture, 
TEM analysis was carried out for the sample scratched off from the NF and the representative 
images of β-NiMoO4 are shown in Fig. 2(d-f). The images reveal well-connected thin 
nanosheets. Figure 2(f) displays the selected area electron diffraction (SAED) pattern of β-
NiMoO4 and shows dispersed spots with diffused rings demonstrating the poor crystallinity. 
This result is matched with the observed XRD pattern as discussed earlier. The EDS spectrum 





Fig. 2 (a-c) HRSEM images of β -NiMoO4-NF at different magnifications, (d-e) TEM images β 
-NiMoO4 (scratched from NF) and (d) the corresponding SAED pattern. 
 
 




The growth of this interesting microstructure may be due to the controlled OH- ion driven 
by capillary force in the solution during hydrothermal process. The proposed growth process 
is illustrated in Fig. 3. The presence of PVP, interconnects the formed nanosheets to make 
honeycomb architecture based on the solid-liquid interface reaction mechanism. During heat 
treatment, the releases of CO2, NH3 and CO introduce more open space, which could form the 
uniform nanosheets without destructing the honeycomb network structure. Typical 
hydrothermal reaction mechanism is represented as in equations (1) – (3): 
𝐶𝑂(𝑁𝐻2)2 (𝑒𝑥𝑐𝑒𝑠𝑠) + 𝑛𝐻2𝑂 → 𝑛𝑁𝐻4
+ + 𝑂𝐻− + 𝐶𝑂2 ↑  (1) 
𝑁𝑖2+ +𝑀𝑜𝑂4
2− + 𝑛𝑁𝐻4




[𝑁𝑖𝑀𝑜𝑂4 ∙ 𝑛𝐻2𝑂] → 𝑁𝑖𝑀𝑜𝑂4 + 𝑛𝐻2𝑂     (3) 
      
Initially, the urea hydrolysis into ammonium hydroxide and it will form the complex when 
reacting with the nickel and molybdenum ions as in equation (2). It is well known that the urea 
plays an active role in hydrothermal approach by influencing the morphology of the product as 
well as phase transition [48]. The formation of β-phase can be readily explained by the presence 
of excess urea in the reaction bath. During the crystallization process, the ammonium ion 
decomposes to NH3 and H
+ and results in the formation of hydrated nickel molybdate [49]. 
Finally, loss of NH3 and H2O leads to the growth of β-NiMoO4 honeycomb architecture over 
NF after calcination at 450 °C [50]. At hydrothermal condition, urea releasing OH- ions which 
increase the solution pH slowly for NiMoO4 nucleation process and further growth of 
nanosheets occurs by Oswald ripening phenomenon [51]. The extended hydrothermal 
treatment leads to an oriental attachment of the nanosheets and the orientation can be linked to 
the PVP at the solid-liquid interface [52]. Thereby, uniform honeycomb like microstructure is 
formed.  
 
3.3 Electrochemical Analysis 
3.3.1 Energy Storage Studies 
The β-NiMoO4 nanosheet arrays integrated on NF was directly used as an electrode for 
supercapatteries. Cyclic voltammetry (CV) and chronopotentiometry (CP) techniques have 
been used to evaluate the initial electrode activity in 3 M KOH using a three electrode system. 
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Fig. 4(a) shows the cyclic voltammetry curves of β-NiMoO4-NF electrode at different scan 
rates ranging from 1 – 50 mVs-1. The redox peaks displays faradaic type energy storage 
behaviour unlike supercapacitor or pseudocapacitor, which usually have the ideal rectangular 
CV response. The peak current increases with the scan rate reveal the surface redox reaction at 
the electrode/electrolyte interface. The redox reaction is mainly originating from the Ni2+/Ni3+ 
conversion. While, the Mo could leads to increasing the electrical conductivity and thus 
enhance the specific capacity, there is no direct contribution of Mo6+ to redox process because 
of their limited potential window [53].  The CVs are nearly symmetric and the observed peak 
currents are quite comparable in both forward and reverse sweeps, indicating good reversibility 
of the redox process. It is noteworthy that the anodic and cathodic peak potential shift towards 
positive and negative respectively, as the scan rate increases from 1 to 50 mV s-1. This may be 
due to the high ohmic resistance, slow electron kinetics, and low ionic diffusivity of the battery 
type electrode [54]. The anodic peak current vs. square root of scan rate plot is shown in Fig. 
S3(a). It shows a linear relationship, confirming a diffusion controlled rather than absorption 
controlled electrochemical reaction [55]. To understand the actual redox mechanism Power law 
was used [56]. According to Power law, the peak current can be related to the following 
equation: 𝑖𝑝𝑎 = 𝑎𝑣
𝑏, where ipa is the anodic peak current, v is the scan rate and a, b are the 
adjustable parameters. The b value can be extracted from the log ipa vs. log ν plot as shown in 
Fig. S3(b) where, the slope should be close to 0.5 for diffusion controlled battery type redox 
process [57]. From the plot, a slope of 0.61 is suggesting a dominant battery type charge storage 
and less capacitive storage. The amount of charge stored by the faradaic process can be 
evaluated by the equations (4) and (5): [55-57]: 
𝑖𝑝𝑎 = 𝑠1𝑣 + 𝑠2√𝑣   (4) 
𝑖𝑝𝑎
√𝑣
= 𝑠1√𝑣 + 𝑠2      (5) 
Where 𝑖𝑝𝑎 is the anodic peak current, and 𝑠1𝑣  & 𝑠2√𝑣  are the respective capacitive and 




√𝑣 at peak potential is shown in Fig. S3(c). From the slope and intercept, 𝑠1 and 𝑠2 values can 
be obtained and are found to be 11.47 and 1.142, respectively.  The contribution of faradaic 
and capacitive current in total integrated charge storage of the electrode is shown in Fig. S3(d). 
It can be seen that the diffusion controlled kinetics (i.e. battery type current) dominates over 
capacitive kinetics in this honeycomb β-NiMoO4-NF electrode. While the scan rate increases 
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≥ 30 mVs-1, the capacitive current has increased significantly, this further indicates the 
contribution of capacitive charge storage [58]. At the lower scan rates, the electrolyte ions can 
diffuse into core active sites and thus battery type intercalation current dominates. The open 
networked honeycomb microstructure and a robust mechanical integrity with NF, provides 
more active sites for redox reaction. Whereas at the high scan rates, diffusion process slow 
down due to the limited access of inner active sites [54]. From this observation it can be 
concluded that the β-NiMoO4-NF electrode exhibits both battery type and capacitive charge 
storage features and thereby may be a promising positive electrode for the supercapatteries. 
 
Fig.4 (a) CV curves of β-NiMoO4-NF at different scan rate, (b) Charge/discharge profile at 
various current densities, (c) Cyclic stability of the electrode and (d) EIS spectra of the 
electrode after 1st and 5000 cycles.   
For a better evaluation of β-NiMoO4-NF for supercapattery application, 
chronopotentiometry analysis was carried out in the voltage range of -0.2 to 0.45 V at various 
current densities ranging from 5 to 50 mAcm-2. Fig. 4(b) shows the charge/discharge profile of 
the β-NiMoO4-NF electrode at low current densities of 5-10 mAcm
-2 whereas, Fig. S4(a) shows 
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the profile at high current densities (15-50 mAcm-2). At all the measured current densities, the 
charge/discharge profiles displays battery-type charge storage behaviour and is in good 
agreement with the CV results.. The bare nickel foam has only a small contribution in the total 
specific capacity, which could be neglected. At low current density (5 mAcm-2), the discharge 
time is quite large, indicating that the electrolyte ions had enough time to reach core active 
sites. Whereas, at high current density (50 mAcm-2), the electrolyte possess time constraints to 
reach core active region, which limits the ion transport [53].  Since the electrode mechanism is 
dominated by battery-type behaviour, the specific capacity (in mAhg-1) can be determined 




   (6)  
where, I is the charge-discharge current (mA), t is the discharge time (s) and m is the mass 
loading of the active material (g). The specific capacity values against the applied current 
densities are illustrated in Fig. S4(b), where a capacity of 178.2, 164.4, 129.4, and 94.4 mAhg-
1 is achieved for 5, 10, 20, and 50 mAcm-2, respectively. As observed in Fig. S4(b), the specific 
capacity decreases gradually with increasing current density and may be due to the limited 
electrolyte ion diffusion into core level of active materials at a higher current density. At a 
maximum current density of 50 mAcm-2 (10 fold increase), 52% specific capacity has been 
retained from its initial capacity, suggesting a good rate capability for this electrode. To avoid 
the confusion during comparison, the measured specific capacity values are also represented in 
terms of specific capacitance and are 916.4, 845.7, 665.7 and 485.7 Fg-1 for the same current 
densities as mentioned above. The specific capacity of this electrode is better than the other 
supercapattery electrodes reported so far, such as NiMoO4/Carbon nanocomposite grown on 
NF with different morphology (805 Fg-1 @ 1 Ag-1) [35] and NiMoO4/CoMoO4 hybrid 
electrode, which shows a maximum specific capacitance of 740 Fg-1 at a 1 Ag-1 current density 
[36]. Meantime, NiMoO4 nanostructure on stainless steel substrate (61.8 mAhg
-1 at 1 Ag-1) 
[60], hydrangea-type Bi2MoO6 (485 Fg
-1 at 5 Ag-1) [54], NiF2@Ni nano arrays (51 Fcm
-2 at 1 
mVs-1) [55] and hetero-structured Ni(OH)2/CuCo2S4/Ni networks (749 μAhcm
-2 at 1 mAcm-2) 
[58].  A good cyclic stability is an important factor for real device fabrication. So, our electrode 
was continuously charged and discharged over 5,000 cycles at 20 mAcm-2 and depicted in Fig. 
4(c) and its inset. With increasing the cycle number, Cs slightly decreases and retains 89.7% of 
its initial capacity after 5,000 cycles, indicating excellent stability for practical application. The 
specific capacitance and cyclic stability of NiMoO4 based electrode materials are presented in 
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Table S1 of the Supplementary Information. For further understanding of the electrochemical 
behaviour, the electrochemical impedance spectrum (EIS) was carried out. Typical Nyquist 
plot was obtained in the frequency range of 1 Hz – 100 KHz at open circuit potential is shown 
in Fig. 4(d). For the battery-type electrode, the major polarization contributions are ohmic 
resistance (Rs), capacitance (Cdl) and resistive-capacitance (Rct). The Rs is mainly due to the 
ionic resistance of the electrolyte and can be obtained from real axis intercept. The diverging 
spike at the low frequency region was related to the ideal capacitive contribution of the 
electrode (Cdl). Moreover, the Nyquist plot shows the converging semicircle (Fig.4d inset top 
right) in fourth quadrant with positive real part and negative imaginary part that may be 
attributed to the resistive-capacitive behaviour of the electrode [61]. In accordance with the 
proposed equivalent circuit (Fig. 4(d) inset down right), the diameter of the semicircle 
corresponds to the charge transfer resistance (Rct) which arises from the surface redox reaction 
and is 0.18 Ω. Interestingly, the electrode exhibits a low charge transfer resistance (0.24 Ω) 
even after 5,000 cycles, suggesting a high electrical conductivity of the electrode, which is 
supported by the Mo and conductive NF [59]. This impedance spectrum results demonstrate 
that the honeycomb structured β-NiMoO4-NF may be an excellent battery-type characteristic 
electrode for supercapattery. 
In order to evaluate the practical application of β-NiMoO4-NF as a supercapattery electrode 
material, a symmetric cell was fabricated with β-NiMoO4-NF as positive electrode and negative 
electrodes. The mass ratio of negative and positive electrodes was kept to be 1:1. In the two 
electrode system, the energy storage is directly related to the individual electrode potential. For 
symmetric system, it is more complicated though both electrodes are similar; because at a high 
potential, the electrode kinetics could be different for individual electrodes, which could result 
in partial mechanical destruction, different charging voltages, etc. and thus leads to poor device 
performance [62]. So, the stable potential window in the symmetric cell is needed to be fixed. 
Generally, two electrode systems are investigated without reference electrode and thereby 
controlling the individual electrode potential is difficult [59]. Hence, the CV measurement was 
carried out with SCE as a reference electrode for as fabricated β-NiMoO4-NF║β-NiMoO4-NF 
symmetric supercapattery. Figure 5(a) displays the CV curves of the symmetric cell at different 
scan rate of 5 – 50 mVs-1, indicating that the cell is symmetrically responded for both positive 
and negative electrode. Both the anodic and cathodic polarizations showed redox peaks and 
confirming battery like energy storage process. As can be observed from CV graph, the cell 
can be operated up to ~1.5 V, which was fixed as a stable potential limit of the device. Typical 
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charge/discharge profile up to 1.5 V at various current densities ranging from 1 – 10 mAcm-2 
is shown in Fig. 5(b). The observed non-capacitive type charge-storage behaviour further 
supports the CV results. From charge/discharge profile, the specific capacity of the symmetric 
cell was evaluated using the equation (6), here the total mass of the device (~ 0.72 g) was used 
including electrodes, separator and packing material (para film). The obtained specific capacity 
for the device is found to be 50.6, 41.8, 38.3, 35.8, 32.4 and 29.3 mAhg-1 at a current density 
of 1, 2, 3, 4, 6 and 10 mAcm-2, respectively.  The corresponding specific capacitances are 121.5, 
100.4, 92, 86, 77.8 and 70.3 Fg-1 for the same current densities. The device exhibits 57.8% 
capacity retention when the current increases to 10 times. Noteworthy, the measured specific 
capacitance is 12 times higher than the ZnCo2O4 based spiral symmetric supercapacitor, which 
has shown 10.9 Fg-1 [63]. Also, it is 1.8 times higher than our previous work based on NiO-
In2O3 (67.6 F g-1) heterostructured supercapattery [59]. Moreover, our device outperforms 
when compared to the reported NiMoO4 based asymmetric supercapacitors such as 
NiMoO4·xH2O║AC (96.7 F g-1) [64], and β-NiMoO4-CoMoO4·xH2O║AC (80 F g-1) [65]. To 
further investigate the electrochemical stability of the device, the cyclic performance was 
examined at 10 mAcm-2 for 5,000 cycles as shown in Fig. 5(c). It is worth pointing out that the 
specific capacity retention is 82.9% even after 5,000 cycles, suggesting an excellent stability 
of the device for long term applications. It is well-known that the specific energy (Es) and 
specific power (Ps) are the two important parameters for real supercapattery devices. Since the 
device showed a battery-like characteristics, the Es and Ps were estimated from charge-






   (7)  
𝑃𝑠 = 𝐸/𝑡    (8) 
Here, ES is the specific energy (Wh kg
-1), Ps is the specific power (W kg
-1), I is the specific 
current (Ag-1), m is the mass of the device (kg), V is the potential (V) and t is discharge time 
(s). The Ragone plot (Energy vs. Power) shown in Fig. 5(d) compares the specific energy and 
power performance of the fabricated symmetric cell with recent reports. The maximum energy 
density of the device is 35.8 Whkg-1 and decrease to 21.3 Whkg-1 for 1 mAcm-2 and 10 mAcm-
2 applied current densities, respectively. The corresponding specific power of the device is 
981.56 Wkg-1 at 1 mAcm-2 and increased to a maximum of 19282.4 Wkg-1 for a 10 mAcm-2 
current density. These values are much higher than most of the symmetric supercapatteries  





-1) [66], and PPy@MnMoO4║PPy@MnMoO4 (34.4 Whkg
-1) 
[67]. Furthermore, the two devices connected in series to light up a red LED (~3 V) during 
discharge as shown in Fig. 5(c inset), demonstrates the real life usability of the device. The ion-
transfer kinetics was further evaluated with electrochemical impedance spectra analysis after 
the 1st and 5,000 charge/discharge cycles and the detailed analysis is provided in the SI section. 
The superior electrochemical performance may be due to the following reasons: the 
interconnected nanosheets increase the electrode/electrolyte contact area and provide more 
active sites for fast redox reactions. Open network honeycomb like architecture enhances the 
volume space to accommodate more electrolyte ions and increases the rate performance and 
cyclic stability. The strong NF foam support validates the mechanical stability and fast electron 
transfer pathway for the device that offers a high energy and power density.  As a result, it can 
be concluded that the β-NiMoO4-NF with interesting honeycomb microstructure could be 
better choice as both positive and negative electrode for next generation supercapatteries.  
 
Fig. 5 (a) CV curves of symmetric cell at different scan rate, (b) Charge/discharge profile of 
the symmetric cell measured at different current densities (c) Cyclic stability of the β-NiMoO4-
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NF Supercapatteries and (d) Ragone plot of the symmetric cell and comparison with reported 
values. 
3.3.2 Methanol Oxidation 
The electro-oxidation of methanol for honeycomb like β-NiMoO4-NF catalyst is evaluated 
within the alkaline medium. Figure 6(a) represents the CV curves of β-NiMoO4-NF catalyst in 
1 M KOH and 1 M KOH + 1 M CH3OH solutions at a 5 mV s
-1 scan rate. In 1 M KOH solution, 
the CV curve evidences a pair of redox peaks in the potential range of -0.1 to 0.5 V, which 
confirms the redox process at the electrode surface. With methanol addtion, the anodic peak 
current suddenly increased due to the electro-oxidation of methanol by the β-NiMoO4-NF 
catalyst via the conversion mechanism (9) – (11) as reported earlier [68]: 
 
𝑁𝑖2+𝑀𝑜𝑂4 + 2𝑂𝐻
− → 𝑁𝑖(𝑂𝐻)2𝑀𝑜𝑂4 + 2𝑒
−    (9)  
𝑁𝑖(𝑂𝐻)2 → 𝑁𝑖𝑂𝑂𝐻 +𝐻
+ + 𝑒−      (10) 
𝑁𝑖𝑂𝑂𝐻 + 𝐶𝐻3𝑂𝐻 → 𝑁𝑖(𝑂𝐻)2 + 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑜𝑓 𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 (11) 
 
Conversely, the corresponding cathodic peak current decreases during the reverse sweep. The 
methanol oxidation current density is 41.78 mA/cm2 for the β-NiMoO4-NF catalyst at the 
maximum potential of 0.5 V and shows a low onset potential of ~0.29 V. Interestingly, for β-
NiMoO4-NF catalyst, it is one of the smallest onset potentials observed as compared to the 
reported value of 0.42 V [33], indicating the applicability of β-NiMoO4-NF electrocatalyst for 
the DMFCs. A maximum current density of 41.78 mA/cm2 was measured, which is 
comparatively higher than the earlier reported value of 31.18 mA/cm2 [33]. These results 
evidence the superior electrocatalytic performance of the β-NiMoO4-NF micro/nanostructure 
for methanol oxidation. During electro-oxidation, methanol fuel reacts with NiOOH electro-
active compound over the catalyst surface and thereby the peak current varied in both positive 
and negative sweeps. In order to investigate the scan rate dependent electrocatalytic activity, 
the CV curves measured at different scan rates ranging from 5 to 50 mV s-1 is shown in Fig. 
6(b). When the scan rate increases, the oxidation current also increases considerably thus 
further confirming the superior electron transfer kinetics within the catalyst [69]. The peak 
anodic current does not deviate greatly even with higher scan rate (50 mVs-1) when compared 




The long term catalytic stability of β-NiMoO4-NF towards methanol oxidation was 
investigated by repeated cyclic voltammogram at a scan rate of 50 mV s-1 over 1,000 cycles. 
Figure 6(c) shows the representative CVs for the first and after 1,000 cycles. A current density 
of 25.07 mAcm-2 was observed after 1,000 cycles indicating good electrical conductivity of the 
electrode. The electrode could retain more than 58% catalytic activity even after 1,000 cycles, 
demonstrating good stability of the catalyst. The chronoamperometric response for a prolonged 
time of 3,000 s measured at 0.5 V is shown in Fig. 6(d). After the initial drop in current in the 
first 70 s, a stable current of 38.6 mA/cm2 was measured for up to 1000 s, and showed a current 
of 36.2 mA/cm2 (~87.4% of initial current) at 3000 s, indicating good stability of this 
honeycomb microstructure. The amperometric response after 1,000 CV (Fig. 6(d) inset) cycles 
further reveals the long term durability of the catalyst. The slight fluctuation (150 – 300 s) in 
the amperometric curve reveals the impact of the generated oxidation products (i.e. CO, CO2, 
etc.) of methanol [70]. Further evaluation of methanol oxidation process using EIS spectra 





Fig. 6 (a) CV curve of β-NiMoO4-NF without and with 1 M CH3OH at 5 mVs-1, (b) Electro-oxidation 
of methanol at various scan rates, (c) Cyclic stability of the catalyst after 1000 cycles at 50 mVs-1 and 
(d) Amperometric response of catalyst after 1st cycle and after 1000 cycles (inset) at 0.5 V.  
 
The effective use of NiMoO4-NF electro-catalyst in the real metric DMFC application 
requires an understanding of the issues related to this electro-catalyst. Typical DMFC 
performance is associated with the combination of methanol oxidation reaction (MOR @ 
cathode) and oxygen reduction reaction (ORR @ anode) as suggested in equations (12) and 
(13) [71]:  
𝐶𝐻3𝑂𝐻 + 𝐻2𝑂
𝑀𝑂𝑅
→  𝐶𝑂2 + 6𝐻




→  2𝐻2𝑂    (13) 
To support these reactions, continuous oxygen supply is needed and maintained by critical air 
flow meter. If air flow is insufficient, the protons can migrate to cathode region and undergoes 
hydrogen evolution reaction (HER) as in equation (14) [72]: 
2𝐻+ + 2𝑒−
𝐻𝐸𝑅
→  𝐻2     (14) 
The generated hydrogen also contributes to produce current in the cathode compartment, thus 
HER coupled with the MOR makes complications in the device evaluation. Moreover, the 
MOR is directly correlated with the concentration of alkaline solution where, high alkaline 
concentration could reduce the over-potential, accompanying with the fast oxygen evolution 
reaction (OER) [73]. It further complicates the evaluation of catalyst activity and efficiency 
towards both MOR and OER reactions. So, it is important to know the complete characteristic 
nature of the electrode before take that into device fabrication. Here, the work has been further 
extended to study the OER and HER behaviour of NiMoO4-NF in order to clarify the actual 
MOR for real DMFC applications. The electrochemical performances of the electrocatalyst 
towards the simultaneous OER and HER in alkaline medium were investigated by linear sweep 
voltammetry (LSV). Figure 7(a) shows the anodic polarization curves of the NiMoO4-NF 
catalyst measured at different scan rates (5 – 100 mVs-1) over the potential range of -1 to 1 V 
vs. SCE. Both electrochemical processes (OER & HER) at the electrode surface can be 
observed. To represent the potential versus reversible hydrogen electrode (RHE from SCE 
potential), (15) and (16) equations are used for conversion [74]: 
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For OER  𝐸𝑅𝐻𝐸 = 𝐸𝑆𝐶𝐸 + 0.244 + 0.059 × 𝑝𝐻 (pH = 13 @ 1 M KOH)  (15) 
For HER 𝐸𝑅𝐻𝐸 = 𝐸𝑆𝐶𝐸 + 𝐸𝑆𝐶𝐸
0         (16) 
The overpotential is calculated using the relation, η = ERHE – 1.23 V and η = ERHE + E
0
SCE for 
OER and HER respectively [75]. The iR compensation of current was measured using Ohmic 
resistance (Rs) as measured from EIS spectra as shown in Fig. S6(b). The LSV polarization 
curve of NiMoO4-NF in OER reaction at 5 mVs
-1 is shown in Fig. 7(b). The anodic peaks 
around 1.4 − 1.5 V versus RHE are ascribed to oxidation of Ni 2+ to Ni3+ which can enhance 
the amount of active sites for HER electrocatalyst activity. When the current density is 10 
mAcm-2, the onset potential is 1.581 V vs. RHE and the corresponding overpotential is found 
to be 351 mV for OER. This value is comparable with the different catalysts as reported 
elsewhere and presented in Table S2 (Supplementary Information). Tafel plot is also used to 
analyse the kinetics of the catalyst and shown in Fig. 7(b) inset. As can be obtained from the 
Tafel plot, the slope is about 256 mVdec-1, which is higher than the commercial RuO2 catalyst. 
This could be explained by the formation of surface redox couples on the catalyst surface that 
acts as a barrier for OER and thereby high overpotential and Tafel slope were observed. 
Considering the hydrogen evolution reaction, the Fig. 7(c) shows the polarization curve at 5 
mVs-1 vs. RHE. The NiMoO4-NF exhibits reasonable catalytic ability and durability in a 1 M 
KOH. It showed overpotential of 238 mV at 10 mAcm-2 of HER current density, which is quite 
lower than the related compounds as presented in Table S2 (Supplementary Information). The 
corresponding Tafel plot (inset) reveals the catalyst have a low slope of 67 mVdec-1, implies 
the faster kinetics for HER [75]. Furthermore, to evaluate the durability of the catalyst for OER 
and HER activities, the amperometric response was carried out for nearly 19 h and shown in 
Fig. 7(d). Here, the current density increases for first few hours and then gradually decreases, 
which is mainly associated to the activation of catalyst and strong redox reaction at the surface 
because of the availability of more surface redox couples [74]. After few hours of catalytic 
reactions, the active sites reduced and results the decrease in current density and shows 
reasonable stability of 71% after 19 h reaction. This result is in agreement with the observed 
OER/HER reaction overpotential and Tafel slope values. Thereby, it can be concluded that 
NiMoO4-NF could be a highly desirable candidate for methanol oxidation. Also, this 
honeycomb like NiMoO4-NF can be used as catalyst for OER/HER in water splitting reaction 





Fig. 7 (a) LSV curve of NiMoO4-NF at different scan rates in 1 M KOH, (b) OER polarization 
curve at 5 mVs-1 vs RHE and the corresponding Tafel slope (inset) at near onset potential, (c) 
HER polarization curve at 5 mVs-1 vs RHE and its Tafel slope (inset) and (d) Amperometric 
curve at OER onset potential for 19 h. 
 
4. Conclusions 
In conclusion, a stable β-NiMoO4 on 3D nickel foam was fabricated by simple PVP-
assisted hydrothermal method and investigated for sustainable energy storage and conversion 
devices. Interestingly, the β-NiMoO4–NF honeycomb architecture exhibit multifunctional 
features of high energy storage ability, superior electro-oxidation of methanol and reasonable 
OER/HER performances in alkaline medium. When used as an electrode for supercapatteries, 
our electrode showed a capacity of 178.2 mAhg-1 (916.4 F g-1) at 5 mAcm-2 with excellent rate 
performance up to 50 mAcm-2. Furthermore, the fabricated symmetric supercapattery has 
delivered an optimum energy of 35.8 Whkg-1 at 1 mAcm-2 and reached a maximum specific 
power of 19282.44 W kg-1 at 10 mAcm-2. For methanol electro-oxidation, the β-NiMoO4–NF 
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honeycomb architecture shows very low onset potential of 0.29 V with a high current density 
and good stability. To further extent, this interesting micro/nano structure exposed their 
considerable catalytic performance in OER/HER activity. At a current density of 10 mAcm-2, 
it showed relatively low overpotentials of 351 and 238 mV for OER and HER, respectively. 
Our research results demonstrate that β-NiMoO4–NF could be a more suitable multifunctional 
electrode/catalyst for next generation high performance energy storage and conversion devices.        
 
Supplementary Information: XRD pattern of NiMoO4-NF, EDS spectrum, Square root of 
scan rate vs anodic peak current plot, log Ipa vs. log v, square root of scan rate vs. Ipa/square 
root of the scan rate and Ratio of faradaic current and capacitive current plot, High current 
density charge/discharge curve, Specific capacity variation at different current densities, EIS 
spectra of symmetric cell before and after 5,000 cycles, EIS spectra of NiMoO4-NF against 
methanol oxidation, and HER/OER overpotential comparison table are available. 
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